Fresh, empty, isolated sacs of leg skin from R. pipiens manufacture a salt solution reasonably balanced with respect to ions and approximating a somewhat dilute Ringer's fluid. Concentrations of ions: bear little relationship to concentrations in the external medium even down to 12 raM. An effective regulatory mechanism is indicated whereby the amount of salt transported is adjusted to the amount of water or vice versa, the rate of movement of either salt or water being largely independent of osmotic or ionic gradients (outer fluid to manufactured inner fluid). Concentrations of the inner fluids appear to be regulated to conform to a fairly constant concentration within the skin. Some evidence is presented that a major factor in regulating concentration of the inner fluid is triggered by an initial dilution of the inner fluid, followed by stimulation of salt uptake.
the r a n g e of p o n d water to Ringer's fluid. Within this range, the rate of u r i n e f o r m a t i o n also varies but little, although urine salt c o n c e n t r a t i o n reflects a d d e d salt loads and urine rates can be e n h a n c e d by injection of h y p o t o n i c fluids.
T h i s p a p e r will demonstrate t h a t isolated skin can secrete, towards t h e inside, fluid, balanced with respect to ions and reasonably c o m p a r a b l e to a n o r m a l physiological saline w h e n the outside surface is b a t h e d with solutions of salt content f r o m a b o u t 12 to 120 mu. Further, it is d e m o n s t r a t e d t h a t r a t e of fluid f o r m a t i o n f r o m hypotonic solutions bears little or no relationship to t h e osmotic gradient which exists between outside solution a n d inner secretion. T h e r e is clearly a precisely regulated feedback system either preventing excessive w a t e r intake from highly h y p o t o n i c solutions or, alternatively, actively p r o m o t i n g water uptake f r o m progressively m o r e c o n c e n t r a t e d solutions.
M A T E R I A L S AND M E T H O D S
All experiments were performed with leg skins from R. pipiens. The frog was carefully removed from each hind leg skin, the empty skins were then rinsed briefly in Ringer's fluid, blotted, pressed gently to remove any fluid inside the skins, and ligated near the ankle and knee. Thus the initial material was in the form of empty sacs of leg skin, oriented normally with epithelium on the outside. It has already been shown that such preparations will secrete a fluid whereas inside-out sacs will not (Steinbach, 1937) . The empty skin sacs were then weighed and placed in oxygenated Ringer's of the required dilution. The basic Ringer fluid contained 110 rr~ NaCI, 1 m~ GaC12, buffered with phosphate-bicarbonate. Potassium was varied from 2 to 10 mM but no significant effects of K concentration were noted. All experiments were done at room temperature (about 20-23°C). Periodically the sacs were removed, blotted, and weighed. At the end of the experimental period, usually 6 to 8 hr, the sacs were blotted and weighed, and an incision was made in one end of the sac. The fluid was then drawn into a depression in a paraffin block and the skin reweighed. The difference in weight represented weight of fluid collected. This gravimetric method proved to be more accurate than various volumetric determinations which were attempted.
Fluids were then taken up with measured amounts of water, usually 2 ml, and used for analysis with or without further dilution. The ligated ends of the sacs were then clipped and removed, the midportion through which water and ion exchanges took place was weighed, then spread flat, and the outline traced for subsequent determination of area. The skins were then extracted 12 or more hr at room temperature with distilled water, usually 5 ml per skin. This treatment extracts well over 95 % of the materials in question.
Fluids and skin extracts were analyzed for Na and K by flame photometry. C1 was determined electrometrically and total osmotic pressure by thermoelectric vapor pressure methods. Table I gives average results of the measurements with ranges indicated. Rather large variations between individuals were noted as might be expected from an unselected group of animals with no special attention being paid to past nutritional history or endocrinological balance. During the usual 6-8 hr period, gain of weight, and hence amount of fluid accumulation, were reasonably linear with time ( Fig. 1) . Most of the skins showed a slight gain of weight but of a magnitude that was deemed negligible. Na, CA, and osmotic concentrations of the skins themselves decreased from values found in fresh skins but the decrease was of a magnitude to be expected on the basis of an equilibration of the extracellular fluids of the tissue with the fluid being secreted. Potassium concentrations of the skins remained about the same, regardless of the total salt concentration of the medium or of the K concentrations in the range 2 to 10 re_M. mM/liter the secreted fluid is remarkably constant in composition; above this, however, the concentration tends to rise so that in full strength Ringer's solution, the concentration is higher by some 20try. Thus over a wide range of external concentrations, secreted sac fluid, while somewhat m o r e dilute than intact frog blood, maintains a r e l a t i v e constancy of concentration. The points representing rate of water intake are worthy of special note. The rate of water influx is greatest from hag-strength Ringer's and least from the most dilute solution. A more forceful way of stating the phenomenon observed is that, within the range 10 to 60 mM external concentration, rate of water movement is roughly inversely proportional to the osmotic gradient.
In general, the rates of salt inflow into the sacs followed the same pattern as that for fluid flow. This, of course, is a reflection of the fact that, except for the difference in levels of salt concentration in the sacs, Ringer's-or half-Ringer'ssoaked, there is relatively little change in over-all concentration as the medium is further diluted. Thus the isolated frog skin possesses a mechanism by which the amount of salt passed through the skin matches the amount of water (or vice versa) in such a fashion as to manufacture an internal solution of constant salt content, regardless of the water or salt gradient, which exists, outside the skin to inside the skin.
Accordingly there must be some interaction between the mechanisms regulating water movement and salt movement. This interaction could, of course, be a reflection of a common mechanism but in any case it must indicate some fairly precise sensing devices in the skin responsive primarily to the internal environment. In a general way, one component of the system appears to be indicated by a simple series of experiments. Paired sacs were immersed in diluted Ringer's as indicated and then sampled at 90 and 180 min. The results are shown in Table II and in Fig. 3 . They indicate that, while water intake, as evidenced by weight gain, proceeds in a linear fashion, salt uptake takes place gradually with the 90 rain sample being distinctly more dilute than the 180 min samples. Since the initial skins must have had an appreciable component of interstitial fluid roughly isotonic to normal blood, these results show that the first process is indeed an initial influ:~ of water in excess of salt. Following the initial dilution, salt uptake then proceeds at a rate sufficient to maintain a stable osmotic concentration in the fluid being manufactured. If the first event, triggering a regulated salt uptake, is a dilution due to inrush of water, then pretreatment of the skins with dilute Ringer's should show a lag in water uptake of a duration sufficient to get the salt uptake mechanism working. Fig. 4 shows the results of such pretreatment. A pretreatment of the skins (both surfaces in these cases) with half-strength Ringer's did 0 ................... O ...... In the experiments of Fig. 4 , ~Na was added to the external medium following the pretreatment. The dilution-trigger hypothesis would predict that skins pretreated with dilute Ringer's would take up the isotope at a higher initial rate than the control skins. This is indicated to a slight extent but the enhanced rate also is maintained over the entire period measured.
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A few observations have been made indicating the anticipated effect of metabolic upsets on the formation of salt solution by the skins. Table I I cally reduced by nitrogen treatment. Concentrations within the fluid are less reduced but, because of the small volumes of fluid, it is impossible to determine how much salt was actively taken into the sacs and how much came from the materials of the starting tissues. It is possible that a pharmacological dissection will throw light on the regulatory system as has been done with the separate salt and water transport systems. Some agents do show a selective effect (el. Schoffeniels and Tercafs, 1962) on salt and water movement.
R E S U L T S O F O B S E R V A T I O N S O N T W O P A I R S O F E M P T Y L E G SACS, O N E O F E A C H P A I R T R E A T E D W I T H O X Y G E N , T H E O T H E R W I T H N I T R O G E N
Conccn~a~on
D I S C U S S I O N
During the past half-century many instances have been studied of the ability of epithelial tissue to transport ions, primarily sodium, and to move fluids without the aid of osmotic or other applied pressure gradients across a sheet of tissue. Excellent discussions are to be found in reviews by Leaf (1965) and by Diamond (1965) 1 with both authors considering a number of mechanisms that might be concerned with solute and water transport. The present study on the secretion of fluid by isolated frog skins is intended to focus attention on the regulatory abilities of the tissue, the fluid secreted being determined by the cellular mechanisms in order to provide a proper ionic environment for the inwardly directed surface regardless of the composition of the external bathing medium. The experiments with gall bladder, reported by Diamond (1965) , while analogous in technique, differ in that galI bladder secretion is isotonic to the luminal bathing solution.
The ability of frog skin to move water and salt from the outside to the inside between initially isotonic solutions has been known for some time; in recent years it has been studied most extensively with the skin sac technique by H u f (1955) . That empty skin sacs can form fluid with normal but not inverted orientation has also been studied to a certain extent (Steinbach, 1937) . Most of the previous work however, has involved starting the skin sacs with an initial load of salt solutions facing both surfaces rather than challenging the tissue with the problem of forming the inside solution from scratch. This is an important technical feature because it is clear from a number of trials that skin sacs, already loaded with full strength Ringer's, can dilute the internal solution only very slowly.
Several proposals have been made of mechanisms that might move water in the absence of a water gradient or against such a gradient (cf. Curran, 1960; House, 1964; Diamond, 1965; Leaf, 1965) . At least two interfaces with differing properties appear to be required as well as an ability to develop some hypertonicity between the interfaces. The results given in Table I show clearly that the osmotic pressure of skin extracts is much higher than that of either the skin-manufactured fluid or the external medium. A large part of this osmotic excess is probably due to release of diffusible metabolites such as inorganic phosphate released during the extraction period but not appearing in the fluid formed under aerobic conditions. However, even the sum of the skin Na -t-K, calculated on the basis of tissue water, is higher than the cation sum in the manufactured fluid. It thus seems a safe assumption that some degree of hypertonicity does exist within the skin.
Some evidence has been adduced for a skin structure of a sandwich-like arrangement with a free diffusion or conducting pathway of some considerable magnitude bounded by two less conducting or permeable layers (Steinbach, 1933 (Steinbach, , 1967 . Thus a proper geometry within the skin might be available for a multipartite system.
With the knowledge at hand it does not appear to be possible to specify the mechanisms for the regulation described. The initial dilution noted in Fig. 2 l T h i s s y m p o s i u m c o n t a i n s a n u m b e r of articles r e l e v a n t to t h e p r o b l e m s dlsenssed here.
indicates that a volume change in the epithelial layers might be involved since MacRobbie and Ussing (1961) have shown that treatment of the inner surface with hypotonic solutions does cause such swelling. In this connection, it should be noted that, under the conditions of the MacRobbie and Ussing experiment, the inner face of the skin need be only slightly more permeable to water than the outer surface. Flux of water could be quite rapid through either surface with volume changes of particular skin layers being a resultant of relative resistances to flow. Adolph (1931) has reported on the osmotic behavior of skin exposed to dilute solutions on the outer or both surfaces and finds no marked differences. Adolph also gives references to the older literature on the osmotic behavior of frog skin. A highly suggestive model of a system moving water from concentrated to dilute solutions was reported by Osterhout (1949) . Using the long cylindrical Nitella cells, Osterhout showed that, by suitable pretreatment, water could be picked up by one end of a cell in sugar solution and extruded at the other end in water. In this long cell, complete with a cell wall capable of sustaining hydrostatic pressure differences, the major requirement appears to be the creation of an osmotic concentration difference between the two ends of the cell within the cytoplasm. Osterhout treats the system as having three general regions involving the movement of water. Within the cell, there must be some bulk displacement. At the two ends, the driving forces moving water in or out are regarded as single osmotic drive systems, the difference between them leading to the internal bulk flow. Osterhout's model gave transient flows. However, he noted that concentration differences could presumably be achieved by metabolic differences; presumably he would have invoked active transport of ions had the phenomenon been named at that time. A necessary stipulation for the model is that there be some outwardly directed positive hydrostatic pressure. Differences in rates of entry or egress could conceivably involve differences in pore size (Curran, 1960) or activity differences in nonaqueous layers (Osterhout and Murray, 1940) .
In the case of the experiments described in the present paper, it is clear that movement of water is regulated in some fashion. Two extreme cases could be cited. O n the one hand, the skin could be fairly freely permeable to osmotic flow of water with some outwardly directed water pump to compensate for an enhanced osmotic uptake from dilute medium. O n the other hand, there could be a high resistance to inward osmotic flow coupled with an inwardly directed water pumping system thrown progressively into action as the osmotic gradient was decreased. Since isolated frog skin can move water inwardly from an isotonic solution, the latter possibility seems likely, perhaps to be visualized according to the Osterhout model, backed up by an ion pump system at some inwardly located interface in the skin. Observations on efflux of tritiated water from sacs loaded with 05 ml of R i n g e r ' s ( T H O ) do not show a n y m a r k e d c h a n g e in rate of e n t r a n c e (tl/~ about 30 rain) from one-tenth or full Ringer's. Movement of ~Na inward or outward shows that influx of the ion is greater from full strength Ringer's than from one-tenth Ringer's by a factor of about 4. Thus there is a pronounced variation in exchange rate (2~Na exchange) which is not reflected in the net transport. Further work is indicated, of course, but the results do not offer much hope that isotope exchange measurements will aid in uncovering the nature of the control mechanisms.
I wish to call special attention to a feature relating primarily to Na movement by the skin. In Table II and Fig. 3 , for the 1.5 hr samples, it will be noted that the specific activity for 22Na (expressed as per cent specific activity of the bathing medium) of the inner fl,uid is higher than that of the skin. This difference largely disappears by the time of the 3 hr samples. Thus there is a clear indication that not all of the sodium content is involved in the sodium transport mechanism, a fraction at least being only slowly exchangeable.
With respect to measurements of isotopes, as well as critical advice, I am indebted to the excellent work of Dr. Marilyn Kirk.
